The new species Hypocrea virens, has been found to be the teleomorph of Trichoderma virens, a species commonly used in biological control applications. This conclusion is based on the comparison of morphological and molecular data from four isolates of T virens and a single collection and isolate of H. virens. Data for several morphological characters, including colony and growth characteristics, were collected. In addition, sequence data from ITS1, 5.8S, ITS2 rDNA and translation elongation factor (tef-la) were analyzed for the five isolates. Analysis of phenotypic characters show that cultures and microscopic characters of the anamorph of H. virens are indistinguishable from those of T virens. This is consistent with sequence data from ITS1, 5.8S, ITS2 rDNA which show that the sequence of H. virens is identical to that of the ex-type isolate of T virens. Despite minor variation in tef-la sequences, T. virens isolates and H. virens form a monophyletic group that is different from other examined species of Hypocrea; this clade is supported by a 100% bootstrap value. Molecular and morphological data confirm the connection between H. virens and T virens.
INTRODUCTION
Trichoderma virens (Miller et al) Arx is an important species used in biological control of several soilborne plant pathogens (Papavizas 1985 Harris and Lumsden 1997 ). In addition, T. virens is the active ingredient in the commercial product SoilGard? (formerly GlioGard') , which is used in biocontrol applications (Ricard 1981 , Lumsden et al 1993 .
Trichoderma virens was first placed in Gliocladium Corda based on the gliocladium-like branching pattern. Bisby (1939) suggested that the anamorph of Hypocrea gelatinosa (Tode : Fr.) Fr., which is very similar to T virens, is typical of Trichoderma Pers. and erroneously concluded that Hypocrea gelatinosa is a synonym of Hypocrea rufa (Pers.) Fr. Later, Webster (1964) and Rifai (1969) determined that T. virens is morphologically closer to Gliocladium than to T viride Pers., the type species of Trichoderma. On the other hand, Seifert (1985) , in his monograph of Stilbella Lindau and relatives, stated that the gliocladium-type anamorphs of Hypocrea Fr. do not fit into the concept of true Gliocladium based on G. penicillioides Corda, the type species. Molecular data based on 28S and ITS rDNA (Rehner and Samuels 1994, 1995 Trichoderma virens has not previously been connected to a teleomorph and has been thought to be a strictly asexual and clonal hyphomycete. Recent evidence from diverse fungi, e.g., Coccidioides immitis Stiles (Burt et al 1996) and Aspergillus flavus Link: Fr. (Geiser et al 1998) , have demonstrated genetic diversity in fungi that were previously thought to be clonal, a finding that is best explained by sexual or asexual recombination. In addition, teleomorphs have been found for species that were thought to be only asexual, e.g., Trichoderma reesei Simmons-Hypocrea jecorina Berk. & Broome and Tolypocladium inflatum Gams-Cordyceps subsessilis Petch (Hodge et al 1996) . Numerous examples suggest that strictly clonal fungi are probably uncommon 1113 (Taylor et al 1999 Molecular phylogenetic analysis.-The molecular analysis of the five isolates was done using two gene sequences: translation elongation factor (tef-lc), and internal transcribed spacers (ITS1, 5.8S, ITS2 rDNA). ITS sequences for T. virens isolates Gli 3, Gli 20, Gli 21 and Gli 39 were obtained from GenBank (NCBI, EMBL).
Extraction of genomic DNA was carried out using phenol and chloroform (protocol described in Stewart et al 1999). A polymerase chain reaction (PCR) was performed using the following protocol: 5 pLL buffer, 5 JLL dNTPs, 1 pJ.L of each primer, 0.1 FLL of Taq Polymerase, and 2 pxL of template PCR for a total reaction volume of 50 FLL. Afterwards, PCR was performed using the following parameters: a 5 min step at 94 C, followed by 35 steps of 1 min at 94 C, 1 min at the annealing temperature (53 C), and 1 min at 72 C, and then a final step of 5 min at 72 C. For ITS, the primers utilized were ITS 1 (5'-TCCGTAGGTGAACCTGCGG-3') and ITS 4 (5'-TCCTCCGCTTATTGATATGC-3') and for tefla( the primers were ef 1 (5'-ATGGGTAAGGA(A/ G)GACAAGAC-3') and ef-2 (5'-GGA(G/A)GTACCAGT(G/ C)ATCATGTT-3') (O'Donnell et al 1998). A PCR product purification was carried out using Promega Wizard" PCR Preps purification system. After PCR products were cleaned, sequencing reactions and precipitations were done for the forward and reverse primers separately using ABI Prism Big Dye Terminator Cycle Sequencing Ready Reaction Kit with AmpliTaq DNA Polymerase FS, by PE Applied Biosystems. The sequencing was done at the Nucleic Acid Facility (Life Science Consortium, The Pennsylvania State University). (2000) showed that H. nigricans is closely related to T virens and that H. flavovirens has a more distant relationship with T virens. A parsimony analysis was done using exhaustive search. Gaps (insertions/deletions) were treated as missing. Bootstrap values (500 replicates) were also calculated. PAUP* was also used to determine the base pairwise differences. The sequences and alignment were deposited in GenBank and TreeBase (SN649; http://herbaria.harvard.edu/treebase/), respectively.
RESULTS
Morphological analysis.-The ANOVA (TABLE II) (FIG. 3) , revealing small differences among the T virens isolates. Even though there are differences among T virens isolates, the group containing these species is monophyletic and is supported by a 100% bootstrap value. The exhaustive search found 5 most parsimonious trees with 481 steps. The minimal tree length was 470, 11 steps shorter than the most parsimonious tree obtained. This is reflected in a homoplasy index (HI) of 0.03. Of the 908 characters, 489 were constant, 370 were parsimonyuninformative, and 49 were informative. The consensus (50% majority rule) of the five most parsimonious trees shows two clades with frequencies of 100%, and two clades with frequencies of 60%. The unknown Hypocrea groups with the ex-type Gli 39 and forms a clade present in the consensus (frequency of 60%) but with a bootstrap value less than 50%. The clade containing G.J.S. 95-194, Gli 39, Gli 21, and Gli 20 was supported by a bootstrap value of 100%. In addition, the clade that shows Gli 3 as a basal isolate in the clade is supported by a bootstrap value of 99%. In the analysis of the aligned sequences, 14 transitions and 4 transversions were detected be- The exhaustive search of the combined sequence data from the two genes produced 5 most parsimonious trees with 538 steps (FIG. 4) . From a total of 1566 characters, 1092 were constant, 412 were variable uninformative, and 62 were parsimony informative.
DISCUSSION
Despite minor variation in tef-lao sequences and in some morphological characters among isolates, we conclude that the unknown Hypocrea is the teleomorph of T. virens. From the results of the phylogenetic analysis of two gene sequences, the data suggest that the unknown Hypocrea is nested within the T virens clade, and that this clade is monophyletic and supported by bootstrap values of 100%. Some variation among isolates can be observed in teflo sequences; ITS sequences show no divergence among T virens isolates and the unknown Hypocrea. It is noted that tef-1ol might be more useful than ITS in multilocus analyses to detect boundaries because in the present study tef-la had 49 phylogenetically informative characters compared to 13 in ITS rDNA. Most of the variable sites in tef-loa sequences were found in the introns.
The discovery of a teleomorph of T. virens suggests the possibility of sexual recombination.
Taylor et al (1999) mention that different genes have different evolutionary histories (topologies) when recombination has occurred, but are inherited as a unit under clonality. In the present paper it is shown that both ITS and tef-loa phylogenies are not in conflict, thus revealing similar evolutionary histories. To support a hypothesis of clonality or recombination in the T virens clade, a phylogenetic analysis of other genes, besides tefla and ITS, is desirable. A teleomorph has never been observed in cultures of T. virens and seems to be rare in nature. Our ascospore-derived culture did not form a teleomorph so we cannot know whether H. virens is homothallic or heterothallic.
Even though there are some statistically significant differences among the morphological characters, the measurements of the different variables are in the ranges noted by Miller et al (1957) and Bissett (1991b) for T. virens. Moreover, the differences -albeit statistically different-are not biologically significant. The PCoA analysis of the morphological data showed that the isolate of the new species of Hypocrea groups with the T. virens isolates and is different from the outgroup taxa, H. flavovirens and H. nigricans/ T harzianum. The PCoA analysis also showed that the morphological characters that separate T. virens and its teleomorph from T harzianum/H. nigricans and H. flavovirens are the shape of the phialides and the formation of compact tufts or pustules in culture.
Despite the authors' collecting and culturing Hypocrea specimens in several temperate and tropical countries over many years, only the new species described in this paper, with one specimen, has been found to produce an anamorph that is indistinguishable from T virens. Hypocrea gelatinosa and the unknown Hypocrea are similar in morphology and anatomy of their teleomorphs and anamorphs, however, there are differences that separate them. Hypocrea virens has globose to subglobose, at most slightly dimorphic part-ascospores, whereas H. gelatinosa has distinctly dimorphic part-ascospores. In addition, the part-ascospores of H. gelatinosa are smaller than are those of H. virens. The anamorphs of the two species can be distinguished based on morphology. Bissett (1991b) distinguished between the two species on the basis of more profusely branched conidiophores in H. gelatinosa. Other distinguishing features include the colony characteristics and the formation of chlamydospores. Hypocrea gelatinosa grows more slowly than H. virens. In addition, the conidiation in H. gelatinosa is more sparse and generally in the form of small irregular fascicles. In T virens the formation of fascicles was not observed. Formation of chlamydospores in H. gelatinosa is rare, restricted to submerged older mycelium, while in T. virens chlamydospores are abundant in young and old colonies. These differences were supported by DNA sequence analysis (Chaverri et al 2000) . The Hypocrea teleomorph of T. virens has green ascospores, as do H. gelatinosa and many other Hypocrea species.
In the absence of a comprehensive monograph of Hypocrea, the most complete work is that of Doi (1966 Doi ( , 1969 Doi ( , 1971 Doi ( , 1972 Doi ( , 1975 Doi ( , 1976 Doi ( , 1978 , forJapan and elsewhere, who described both anamorphs and teleomorphs for many Hypocrea species. Prior to the work of Doi, taxonomy of Hypocrea largely emphasized the teleomorph (e.g., Seaver 1909a Seaver , b, 1910a Seaver , b, 1911 or was too narrow in scope of species studied (e.g., Dingley 1951 , 1952 , 1957 , Rifai 1969 
